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DENITRIFICATION IN SOIL
II. FACTORS AFFECTING DENITRIFICATION
BY J. M. BREMNER AND K. SHAW
Bothamsted Experimental Station, Harpenden, Herts
(With Ten Text-figures)
The work reported in the previous paper (Bremner
& Shaw, 1958) showed that rapid denitrification of
nitrate added to soil could be induced by incubating
the soil with glucose or other organic materials
under waterlogged conditions and that the loss of
nitrogen by denitrification could be followed by
total-N analyses using a modified Kjeldahl method
provided the amount of organic material added to
induce denitrification was so little in excess of the
amount required by the denitrifying organisms that
it did not promote significant nitrogen fixation. The
present paper gives the results obtained by methods
based on these findings in studies of the factors
affecting denitrification in soil.
MATERIALS AND METHODS
The soil samples employed have already been
described (Bremner & Shaw, 1958). Unless other-
wise stated, they were air-dried and ground to pass
an 0-5 mm. sieve before use. The following materials
were also used: wheat straw (0-47 % N); oat straw
(0-71 % N); lignin (a hardwood lignin preparation
commercially available as Meadol MRM; 0-12 % N);
sawdust (a sample obtained from Scots pine sap-
wood; 0-07 % N); grass (a sample of dead herbage
taken in early spring from a Cocksfoot ley; 1-16%
N); cellulose (Whatman cellulose powder, standard
grade); wheat straw compost (3-97 %N); fen soil
(1-50% N; pH7-l); mountain peat (2-07 % N ;
pH4-0); low-moor peat (2-82 %N; pH 6-3). The
wheat straw compost used was prepared by de-
composing wheat straw (0-65 % N) with ammonium
carbonate for 120 days (see Bremner, 1955). The fen
soil and peats employed have already been described
(Bremner & Shaw, 1954). Before use these materials
were ground to pass a 60 mesh sieve.
The techniques and methods of analysis employed
have already been described (Bremner & Shaw,
1958). Unless otherwise stated, incubations with
soil were performed in stoppered 300 ml. Kjeldahl
flasks at 25° C. and each incubation experiment
was carried out in duplicate or triplicate.
RESULTS
Rate of denitrification in different soils
The rate of denitrification of nitrate in different soils
was studied by determining loss of nitrogen during
incubation (25° C.) of 5 g. samples of soils 1-8 with
11 ml. of water containing 5 mg. of NO3-N (as
KNO3) and the amount of glucose previously found
to induce maximal loss of nitrogen (see Part I,
Table 7). The results obtained with seven of the soils
are presented graphically in Fig. 1; the graph of the
results with soil 4 (pH 7-9) is not presented since it
coincided with that of the results obtained with soil 3.
It can be seen that denitrification was considerably
slower in the soil of pH 5-8 than in the soils with
higher pH values and that it was very slow in the
soil of pH 4-1 and almost undetectable in the soil of
pH 3-6. Loss of nitrogen from the soils with pH
values higher than 5-8 was very rapid during the
first few days of incubation and thereafter very slow.
The finding that loss of nitrogen after 30 days,
calculated as a percentage of the nitrate-N added,
exceeded 100 % with soils 2 and 5 showed that some
of the nitrogen lost on incubation of these soils with
nitrate and glucose was derived from soil nitrogen
compounds. Experiments were therefore carried out
to determine the loss of nitrogen on incubation of
these and other soils under waterlogged conditions
when neither glucose nor nitrate was added. It was
found that when 5 g. samples of soils 1-8 were incu-
bated with 11 ml. of water at 25° C. for 20 days, no
loss of nitrogen occurred with soils 1,3,4,6,7 and 8,
whereas loss did occur with soils 2 and 5, 0-55 mg. of
N being lost from soil 2 and 0- 70 mg. of N from soil 5.
Since 5g. of soil 2 originally contained only 0-075mg.
of mineral nitrogen (N03-N, 0-050 mg.; NH4-N,
0-025 mg.; N02-N, nil) and 5 g. of soil 5 only
0-130mg. of mineral nitrogen (N03-N, 0-085 mg.;
NH4-N, 0-045 mg.; N02-N, nil), these results pro-
vided clear evidence that some of the nitrogen lost
when these soils were incubated under waterlogged
conditions was derived from organic nitrogen com-
pounds. The mechanism of this process is obscure.
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The direct conversion of nitrogen in organic com-
pounds to gaseous nitrogen compounds by micro-
organisms during incubation seems very unlikely
since this process has never been demonstrated. The
possibility that nitrogen is lost through volatiliza-
tion of ammonia-N formed by ammonification of
organic nitrogen compounds can be rejected since
tests reported in the previous paper showed that
only small amounts of nitrogen were lost through
volatilization of ammonia during incubation of
these soils with nitrate and glucose. The only
apparent explanation is that the loss occurs through
denitrification of nitrate (or nitrite) formed by
nitrification of organic nitrogen compounds.
nitrate and glucose are given in Fig. 2. The pH values
quoted were those obtained after allowing 10 g.
samples of the Ca(OH)2-treated soils to stand with
20 ml. of water for 7 days, since daily measurements
showed that the pH values of some of the treated
soils decreased slightly for 7 days but thereafter
remained constant.
The results in Fig. 2 show that the rate of denitri-
fication is profoundly affected by the pH of the soil,
being very slow in acid soils (pH 3-6-4-8) and very
rapid in soils of high pH (8-0-8-6). They also suggest
that significant loss of nitrogen by denitrification
will not occur if the pH of the soil is less than 5.
The possibility that the slow rate of denitrification
Soil 5 (pH 7-5)
M
° 0 2 4 6 8 10 12 14 16 18
Time (days)
Fig. 1. Rate of loss of nitrogen from different aoila on incubation with nitrate and glucose. 5 g. samples of soil
were incubated at 25° C. with 11 ml. water containing 5mg. N03-N (as KN03) and the amount of glucose
found to induce maximal loss of nitrogen in 20 days (25 mg. with soils 2 and 5; 37-5 mg. with soils 1, 3, 7
and 8; 62-5 mg. with soil 6).
Effect of soil p H
Since the results given in Fig. 1 indicated that
denitrification was greatly affected by the pH of the
soil, further experiments were carried out to obtain
more detailed information regarding the effect of
soil pH on denitrification. These experiments were
performed with a series of soil samples with pH
values ranging from 3-6 to 8-6, which were obtained
by mixing different amounts of finely ground calcium
hydroxide with samples of soil 7 (pH 4-1) and of
soil 8 (pH 3-6). The results obtained by following
loss of nitrogen on incubation of these soils with
in soils with low pH values was due to a deficiency of
calcium or molybdenum was examined, but it was
found that the rate of denitrification in soil 8
(pH 3-6) was not affected by the addition of cal-
cium sulphate containing the amount of calcium
required as calcium hydroxide to raise the pH of the
soil to 8-0 or by the addition of 20 p.p.m. of molyb-
denum as sodium molybdate. The possibilities that
denitrification in acid soils is inhibited by nitrite
formed by reduction of nitrate (see below) or that a
low soil pH value favours the reduction of nitrate to
ammonia or the immobilization of nitrate by micro-
organisms were not examined, but it was found that
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when soils were incubated with nitrate and glucose
under waterlogged conditions much more am-
monium-N was produced in moderately acid than
in slightly alkaline soils. For example, analyses
performed after incubation of 5 g. samples of soils 1,
4 and 6 with 11 ml. of water containing 5 mg. of
NO3-N (as KNO3) and the amount of glucose
required for maximal denitrification (37-5 mg. with
with glucose (Table 1 and Fig. 3) the rate of de-
nitrification increased rapidly with rise in tempera-
ture from 2° to 25° C, but was not significantly
affected by increase in temperature beyond 25° C.
until the temperature was such that it inhibited
denitrification (see results at 70° C. in Table 1). The
optimum temperature for denitrification was not
clearly defined, but the results given in Table 1
100
90
80
2 70
O
* 60
"S
•o
"S 50
•o
S-S 40
&
I 30
Z 2 0
10
0
-10,
Soil 7
pH 8-6
0 2 4 6 ,-10
Soil 8
pH8O
pH36
8 10 12 14 16 18 20 ' "0 2 4 6 8 10 12 14 16 18 20
Time (days) Time (days)
Fig. 2. Effect of soil pH on denitrification. 5 g. samples of soils 7 and 8 previously adjusted to different pH
values by addition of calcium hydroxide were incubated at 25° C. with 11 ml. water containing 5 mg. N03-N
(as KNO3) a n d 1 5 mS- C (as glucose).
soils 1 and 4; 62-5 mg. with soil 6) at 25° C. for
20 days gave the following results:
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Effect of temperature
The effect of temperature on denitrification in soil
was studied by determining loss of nitrogen from
waterlogged soil treated with nitrate and incubated
with glucose or straw at various temperatures for
different periods of time. The incubations were per-
formed in stoppered Kjeldahl flasks, the bungs in
flasks incubated at temperatures above 30° C. being
fitted with Bunsen valves. The results obtained with
soils 1,4 and 6 are given in Tables 1 and 2 and Fig. 3.
Similar results were obtained in experiments with
soils 2, 3 and 5.
It can be seen that the process of denitrification is
greatly affected by temperature. In the experiments
suggest that it is in the region of 60° C. The effect of
temperature on denitrification with straw increased
with the level of straw added (Table 2). Denitrifi-
Table 1. Effect of temperature on loss of nitrogen from
waterlogged soil incubated with nitrate and glucose
(5 g. samples of soil 4 were incubated at different
temperatures with 11 ml. water containing 5 mg. N03-N(as KNO3) and 15 mg. C (as glucose).)
Period of incubation (days)
Temp.
C p \
\ W
210
13
16
20
25
30
40
50
60
70
3
0
10
13
15
42
79
82
80
81
85
0
6
N loss (as
0
24
68
77
81
81
84
82
83
87
0
9
% of added
0
73
74
77
82
84
86
85
86
89
0
15
N03-N)
3
78
79
80
84
86
86
88
88
91
0
30
20
80
80
83
85
87
92
91
90
92
0
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cation was practically negligible at 2° C. with all
levels of straw tested and at 10° C. with the lowest
level used. It may be noted that denitrification was
followed by nitrogen fixation in the experiments
with 400 mg. of straw at 25° C.
Effect of soil water content
Although there are good grounds for the belief
that denitrification occurs only when the supply of
oxygen is restricted and is therefore likely to be
more rapid in water-saturated soil than in soil not
100 Soil!
60
These experiments showed that denitrification
was greatly affected by the water content of the soil,
but the results obtained in the incubations at low
moisture levels were open to criticism on the grounds
that under the conditions employed the moisture
contents of the soils may have altered appreciably
during incubation. Experiments were therefore
carried out in which soils were incubated with
nitrate and glucose at various moisture levels which
were kept constant throughout the period of incu-
bation. In these experiments 5 g. samples of soil
Soil 6
8
40
20
-10
25° C.
283012 16 20 24 28 30 '"0 4 8 .12 16 20 24
Time (days) Time (days)
Kg. 3. Effect of temperature on denitrification. 5 g. samples of soil were incubated at various temperatures
with 11 ml. water containing 5 mg. NO3-N (as KNO3) and 15 mg. C (soil 1) or 25 mg. C (soil 6) as glucose.
Table 2. Effect of temperature on loss of nitrogen from waterlogged soil incubated with
nitrate and different amounts of wheat straw
(5 g. samples of soil were mixed with different amounts of wheat straw and incubated at various temperatures
with 12 ml. water containing 5 mg. NO3-N (as KNOS).)
Temperature (° C.)
Soil 1
Soil 4
Straw
added
50
100
200
50
100
200
400
4
0
0
0
0
0
0
0
2
10
0
0
0
0
0
0
1
20
0
0
1
0
0
1
3
30
0
0
3
0
0
2
9
10
Period of incubation
4
N loss (as
0
1
3
0
1
2
11
10 20
% of added
0
2
6
2
3
4
15
0
5
9
2
6
10
18
(days)
30
N03-N)
0
11
21
3
9
11
26
4
3
10
20
7
16
20
47
10
10
21
43
9
27
41
83
25
20
12
37
74
11
33
56
78
30
16
52
80
13
35
84
76
saturated with water, little information is available
regarding the effect of soil water content on denitri-
fication. The results of experiments in which soil was
incubated at different moisture levels with nitrate
and glucose in Kjeldahl flasks are given in Fig. 4;
the results of similar experiments using wheat straw
instead of glucose are given in Table 3.
were added to specimen tubes of uniform dimensions
(1J x 1 in.) containing 5 mg. of N03-N (as KN03)
and 15 mg. of carbon (as glucose) dissolved in dif-
ferent volumes of water and the tubes were then
incubated at 25° C. in a large desiccator in which the
desiccant had been replaced by water. At 24 hr.
intervals the tubes were removed from the desiccator
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and any loss of moisture detected by weighing the
tubes was compensated by the addition of water
from a micro-pipette. In practice it was found that
the loss of water by evaporation was so slight that
only very small additions of water were required to
100r
Effect of oxygen
The finding that denitrification is much more
rapid in soil saturated with water than in soil at
lower moisture levels (Pig. 5) is readily explicable on
-10 0 8 10 12 14 16 18 20 21
Time (days)
Fig. 4. Effect of soil water content on denitrification. 5 g. samples of soil 4 in 300 ml. Kjeldahl flasks were
incubated at 25° C. with 5 mg. N03-N (as KN03) and 15 mg. C (as glucose) dissolved in different volumes of
water. Water content of soil is expressed on each graph as percentage of water-holding capacity of soil.
restore the initial moisture level even after incuba-
tion for 7 days. After various periods of incubation
the tubes were transferred carefully to 500 ml.
Kjeldahl flasks containing the volume of water re-
quired to bring the total volume of water to 10 ml.
after addition of the tubes and the flasks were
shaken gently to dislodge the soil from the tubes.
The contents of the flasks were then analysed for
nitrogen by the modified Olsen method described in
the previous paper (Bremner & Shaw, 1958). The
results obtained using this technique are given in
Fig. 5. It can be seen that they are not very dif-
ferent from those obtained in the experiments with
Kjeldahl flasks (Fig. 4). They confirm that the rate
of denitrification of nitrate in soil is profoundly
affected by the water content of the soil and show
that even when other conditions (pH, temperature,
etc.) are very favourable for denitrification, little
loss of nitrogen occurs if the moisture content is less
than 60 % of the water-holding capacity of the soil.
Table 3. Effect of water content on loss of nitrogen
from soil incubated with nitrate and wheat straw
(5 g. samples of soil in 300 ml. Kjeldahl flasks were
mixed with 200 mg. wheat straw and incubated at 25° C.
with different volumes of water containing 5 mg.
NO3-N (as KN03).)
Period of incubation (days)
Water
content
(as % of
W.H.C.*)
40
70
120
350
40
70
120
350
4
N loss (a
0
1
17
21
0
0
18
21
8
A
is % of added
0
4
32
35
0
3
33
34
24
N03-N)
0
8
73
81
0
7
74
84
Soil 1
Soil 4
* Water-holding capacity of mixture of soil and
wheat straw.
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the grounds that the supply of oxygen in water-
saturated soils is not adequate to meet the require-
ments of the soil micro-organisms and that in con-
sequence the denitrifying micro-organisms utilize
nitrate instead of oxygen as a hydrogen acceptor
and so cause denitrification. Support for this expla-
nation was obtained from experiments in which
waterlogged soils containing nitrate and glucose were
incubated in evacuated flasks and in flasks filled
with air, nitrogen and oxygen. The incubations were
performed in 300 ml. Kjeldahl flasks stoppered by
rubber bungs carrying two glass tubes fitted with
counted on the grounds that the denitrifying micro-
organisms may be unable to tolerate high oxygen
tensions, these results provide clear evidence that
denitrification of nitrate in soil is due to restriction
in the supply of oxygen required by the denitrifying
micro-organisms.
The finding that denitrification in undisturbed
soil covered by a thin layer of water was as rapid in
air as in a vacuum or atmosphere of nitrogen sup-
ports other indications (see Fig. 5 and Part I,
Table 11) that the diffusion of atmospheric oxygen
into waterlogged soil is so slow that it has no signi-
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Fig. 5. Effect of soil water content on denitrifieation. 5 g. samples of soil were added to tubes containing
5 mg. NO3-N (as KN03) and 15 mg. C (as glucose) dissolved in different volumes of water and incubated
at 25° C. Water content is expressed on each graph as percentage of water-holding capacity of soil;
approximate depths (mm.) of liquid above soil in tubes containing waterlogged soils are given in
parentheses.
taps which permitted evacuation and replacement
of the air in the flask by oxygen or nitrogen. Eight
flasks were set up for each treatment: four were not
disturbed during incubation; the other four were
shaken with a wrist-action shaker for 8 hr. each day.
The results of these experiments (Table 4) showed
that if the flasks were not disturbed during incuba-
tion the loss of nitrogen was practically the same in
the evacuated flasks as in those containing nitrogen
or air and was much greater in these than in flasks
containing oxygen. They further showed that
although shaking had no significant effect on denitri-
fication in evacuated flasks or flasks containing
nitrogen, it greatly reduced denitrification in flasks
containing air and completely inhibited denitrifi-
cation in flasks containing oxygen. Even if the
experiments with flasks containing oxygen are dis-
Table 4. Loss of nitrogen from waterlogged soil
incubated in different atmospheres
(5 g. samples of soil 1 in 300 ml. Kjeldahl flasks were
treated with 11 ml. water containing 5 mg. N03-N (as
KN03) and 15 mg. C (as glucose). Flasks were evacuated
or evacuated and filled with air, oxygen or nitrogen, and
incubated for 8 days at 20° C. Eight flasks were set up
for each treatment, four being shaken and four left
undisturbed during incubation.)
Atmosphere
Air
Oxygen
Nitrogen
Vacuum
N loss*(as % of added N03-N)
Shaken Unshaken
28'2 81-0
0-0 28-0
80-1 79-2
78-6 80'0
Means of results obtained in four experiments.
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Scant effect on denitrification if the conditions are
favourable for rapid denitrification.
Effect of aeration. Loss of nitrogen on aeration of
moist soils was studied because Broadbent (1951)
found that when mixtures of oxygen and nitrogen
were passed through moist soil extensive denitrifi-
cation could be detected by total-N analysis even
when the aeration stream contained 21 % oxygen
(see Part I, Introduction).
To study the effect of aeration, a large air-dried
sample of soil 4 was sieved to obtain the 2-1 mm.
fraction and 10 g. samples of the sieved material
were weighed into aeration tubes (Fig. 6), moistened
Glass wool •
Quartz (2-1 mm.) -
Soil (2-1 mm.)-
Quartz (2-1 mm.) •
Glass wool
13 mm.
Fig. 6. Aeration tube.
with water, KN03 solution or KNO3-glucose solu-
tion and incubated at 20° C. for 7 days with air
passing continuously through the soil at a rate of
approximately 40 ml./min. The air entering the
tubes was freed from ammonia by passage through
50 % (v/v) H2SO4 and saturated with water vapour
by bubbling through water. To trap any ammonia
liberated during incubation, the air leaving the
tubes was passed through two Dreschel bottles con-
taining 0-1N-H2SO4. At 24 hr. intervals the aera-
tion tubes were removed from the apparatus for a
few minutes and any loss of moisture detected by
weighing was compensated by the addition of water
from a micro-pipette. In practice it was found that
the loss of water by evaporation was so slight that
only minute amounts of water were required to
restore the initial moisture levels after incubation
for 3 days. After 7 days the tubes were removed
from the apparatus and their entire contents were
carefully transferred to 300 ml. Kjeldahl flasks and
analysed for nitrogen by the modified Olsen
method. Control analyses showed that the glass
wool and quartz used to hold the soil in the aeration
tubes contained no nitrogen. The amounts of
ammonia-N liberated during incubation were deter-
mined by diluting the 0-1 N-H2SO4 solutions in the
Dreschel bottles to known volume and Nesslerizing
aliquots of these diluted solutions.
The results obtained in these experiments and in
similar experiments in which the soil was not
aerated during incubation are given in Table 5.
They show that no loss of nitrogen could be de-
tected on incubation of soil with or without added
nitrate at any of the moisture levels tested whether
the soils were aerated or not during incubation.
They also show that although a small loss of nitrogen
was detectable on incubation of soil with nitrate
and glucose when the soil was aerated continuously
during incubation, the nitrogen lost could be largely
accounted for as ammonia in the air leaving the
aeration tubes. It would appear, therefore, that the
small loss of nitrogen detected was chiefly due to
volatilization of ammonia and not to denitrification
of nitrate. Loss of nitrogen as ammonia was not
determined in the corresponding experiments with
nitrate and glucose in which the soil was not aerated
during incubation, but it seems likely that part of the
small loss of nitrogen detected in these experiments
was due to volatilization of ammonia.
Other experiments in which 5 g. samples of soil 4
(2—1 mm.) were incubated in large boiling tubes
with 11 ml. of water containing 5 mg. of N03-N (as
KN03) and 15 mg. of carbon (as glucose) at 20° C.
showed that loss of nitrogen by denitrification was
much reduced by bubbling air through the soil sus-
pension. For example, it was found that the loss of
nitrogen after 5 days, calculated as a percentage of
the nitrate-N added, was 86 % when the soil sus-
pension was not aerated but only 18 % when it was
aerated continuously at a rate of approximately
10 ml./min.
Effect of organic materials
Denitrification of nitrate by heterotrophic
organisms cannot occur unless the substrate con-
tains some organic compound which can support
growth of the organisms and act as a hydrogen donor
for the process of denitrification. It may be ex-
pected therefore that the rate of denitrification in
soil will depend upon the amount and type of
organic matter present in the soil. Evidence for this
was presented in Part I of this series (Bremner &
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Shaw, 1958) in which it was shown that although
denitrification was not detectable by total -N analysis
when soils of low organic matter content were incu-
bated with nitrate under waterlogged conditions it
was readily detectable when glucose or straw was
added or when soils of higher organic matter content
were used.
when 5 g. samples of soil 1 were incubated at 25° C.
with 11 ml. of water containing 5 mg. of NO3-N (as
KNO3) and 15 mg. of carbon as glucose, mannitol,
sucrose or sodium citrate, the loss of nitrogen after
10 days, calculated as a percentage of the nitrate-N
added, was 87 % with glucose, 84 % with mannitol,
85 % with sucrose and 89 % with citrate.
Table 5. Effect of aeration on loss of nitrogen from soil incubated at different moisture levels
(10 g. samples of soil 4 (2-1 mm. fraction) were incubated at different moisture levels with or without added
materials at 20° C. for 7 days.)
NO3-N
added
Moisture
Glucose-C content of
Total-N (mg.)
Aerated
Not aerated
0
0
0
10
10
10
0
0
0
10
10
10
added
mg-)
0
0
0
0
30
30
0
0
0
0
30
30
soil (as %
of w.H.c.*)
50
75
100
75
50
75
50
75
100
75
50
75
Before
incubation
11-7
11-7
11-7
21-7
21-7
21-7
11-7
11-7
11-7
21-7
21-7
21-7
After
incubation
11-8
11-8
11-8
21-7
21-4
21-4
11-7
11-8
11-7
21-7
21-5
21-1
Loss of N
during
incubation
(mg.)t
0
0
0
0
0-3 (3)
0-3 (3)
0
0
0
0
0-2 (2)
0-6 (6)
Loss of N
asNHj
(mg-)
0
0
0
0
0-28
0-24
* Water-holding capacity of 2-1 mm. fraction of air-dried soil.
f Figures in parentheses represent loss of N as percentage of N03-N added.
Soil 1
8 24 28 3012 16 20 24 2830 0 4 8 12 16 20
Time (days) Time (days)
Fig. 7. Rate of loss of nitrogen from waterlogged soils incubated with nitrate and different amounts of wheat
straw, 5 g. samples of soil were mixed with 50, 100, 200, 400, 800 or 1600 mg. wheat straw and incubated at
25° C. with 11 ml. water containing 5 mg. NO3-N (as KNO3).
To obtain further information regarding the
effect of different organic materials on denitrifica-
tion, experiments were carried out with various sub-
stances including readily decomposable compounds
such as glucose and mannitol, and difficultly decom-
posable materials such as lignin and sawdust. The
results showed that all of the readily decomposable
organic compounds tested induced rapid denitrifi-
cation of nitrate. For example, it was found that
The results obtained in experiments with different
amounts of wheat straw are given in Fig. 7. It can
be seen that the rate of denitrification increased with
the amount of straw added and that a large amount
of straw was required to induce denitrification at a
rate comparable to that obtained with a small
quantity of glucose (cf. Fig. 1). It may be noted that
denitrification was followed by nitrogen fixation
when large amounts of straw were used.
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Since straw residues in the soil are subject to
leaching by rain-water and to decomposition by
micro-organisms, experiments were carried out to
discover the effects of these processes. The results
(Figs. 8 and 9) showed that the rate of denitrification
with leached straw or straw previously decomposed
in soil was much slower than with the original
100r
12 16 20
Time (days)
24 28 30
Fig. 8. Rate of loss of nitrogen from waterlogged soil
incubated with nitrate and different amounts of
wheat straw or water-extracted wheat straw. 5 g.
samples of soil 1 were mixed with 100 or 200 mg. of
wheat straw or of water-extracted wheat straw and
incubated at 25° C. with 10 ml. water containing 5 mg.
N03-N (as KNO3). Water-extracted straw was ob-
tained by leaching 10 g. wheat straw with 2000 ml.
water.
material. They therefore suggest that it is the water-
soluble and readily decomposable constituents of
straw which are the most effective in promoting
denitrification.
A comparison of the effects of adding different
levels of straw, cellulose, lignin, sawdust and grass
to waterlogged soil containing nitrate gave the
results presented in Table 6.
It can be seen that the rate of denitrification with
these materials varied with their resistance to de-
composition by soil micro-organisms, being most
rapid with cellulose, which is readily decomposed in
soil, and least rapid with lignin and sawdust, which
are highly resistant to decomposition. I t is of
interest that although cellulose induced more ex-
tensive denitrification than any of the other
materials tested, the rate of denitrification with
cellulose was initially very slow. I t is also note-
2 4 6 8 10 1214 16 18 20 22 24 26 28 30
Time (days)
Fig. 9. Rate of denitrification in soil containing wheat
straw previously decomposed for various periods of
time. 5 g. samples of soil 4 previously incubated with
250 mg. wheat straw and 2 ml. water at 25° C. for 0,
10, 20, 40 and 80 days were treated with 10 ml. water
containing 5 mg. N03-N (as KNO3) and re-incubated
at 25° C. Figure on each graph is period of incubation
(days) of soil with straw before addition of nitrate.
worthy that denitrification with cellulose was much
slower at 12° C. than at 25° C. and was less rapid at
this lower temperature than the denitrification in-
duced by an equivalent amount of straw.
The results obtained when the same amount of
carbon as different organic materials was added to
waterlogged soil containing nitrate are given in
Fig. 10. They show that the effect of straw is greatly
reduced by composting and that the organic material
Table 6. Loss of nitrogen on incubation of waterlogged soil with nitrate and
different amounts of organic materials
(5 g. samples of soil 4 were mixed with 50, 100 or 200 mg. of different organic materials and incubated at 25° C.
with 12 ml. water containing 5 mg. NO3-N (as KN03).)
Amount added (mg.)
50 100* 200
Period of incubation (days)
12 20 30 12 20 30
Material
added
Lignin
Sawdust
Grass
Straw
Cellulose
2
5
6
7
5
3
7
8
10
29
6
8
11
12
83
8
9
13
14
90
5
6
14
16
5
Nlo;
(2)
(0)
ss (as
6
9
27
28
37
/o
(4)
(0)
of added
8
10
30
33
87
NO3
(8)
(3)
-N)
11
12
36
37
91
(11)(10)
7
9
27
20
5
7
11
37
44
39
9
16
49
56
88
15
18
60
84
90
* Figures in parentheses are results obtained at 12° C.
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in peat and fen soils is not readily utilized for the
process of denitrification.
Loss of nitrogen with different nitrogen compounds
Various nitrates. The rate of denitrification of
various nitrates in soil was studied because, ac-
cording to Lloyd (1931), Ampola & Ulpiani (1899)
have reported that sodium, potassium and lithium
nitrates are denitrified more rapidly than the nitrates
of barium, beryllium, rubidium or calcium, and that
calcium nitrate, the final product of nitrification in
most soils, is denitrified very slowly. The results ob-
100
90
? 8 0
) 70
\ 60
f 4°
.2
Z 30
20
10
0
calculated as a percentage of the nitrate-N. Since
tests showed that only a small amount of nitrogen
was lost as ammonia in these experiments with
ammonium nitrate the only apparent explanation
of the results obtained is that some of the observed
loss of nitrogen was due to denitrification of nitrate
(or nitrite) formed by nitrification of the ammonium
nitrate. The possibility that nitrogen was lost
through decomposition of ammonium nitrite formed
by reduction of the ammonium nitrate seems to
be excluded by the work of Wahhab & Uddin
(1954).
Fen soil Mountain peat Low-moor peat
8 10 12 14 16 18 20 22 24 26 28 30
Time (days)
Fig. 10. Rate of loss of nitrogen from waterlogged soil incubated with nitrate and different organic materials.
5 g. samples of soil 4 were treated with 5 mg. NO3-N (as KNO3) and 100 mg. C as straw, composted straw,peat or fen soil and incubated with 10 ml. water at 25° C.
tained in the present investigation (Table 7) showed
that the rates of denitrification of potassium, sodium,
strontium and calcium nitrates were practically
identical, but that loss of nitrogen was more rapid
with ammonium nitrate and exceeded 100% when
Table 7. Loss of nitrogen from waterlogged soil
incubated with different nitrates
(5 g. samples of soil 1 were incubated at 25° C. with
11 ml. water containing 5 mg. N03-N as KN03, NaNO3,
Sr(NO3)2, Ca(NO3)2 or NH4NO3 and 15 mg. C (as
glucose).)
Period of incubation (days)
5 10 20 30
N loss (as % of added N03-N)
Nitrate added
KNO3NaN03
Sr(NO3)a
Ca(NO3)a
NH4NO3
4
81
81
82
80
97
82
82
84
82
102
86
87
87
85
105
90
91
92
89
108
It is noteworthy that whereas complete recovery
of nitrogen was obtained when 10 ml. aliquots of
ammonium nitrate solution containing 5 mg. of
NO3-N were analysed by the modified Olsen method
described in the previous paper (Bremner & Shaw,
1958), no nitrogen was recovered when the normal
Kjeldahl method was employed.
Nitrite. The denitrification of nitrite in soils of
different pH value was studied because Karlsen
(1938) and Meiklejohn (1940) found that nitrite was
toxic to certain strains of denitrifying bacteria in
neutral or faintly acid medium but was harmless
and freely reduced to gaseous forms of nitrogen in
alkaline medium. The results (Table 8) showed that
whereas nitrite-N was denitrified as readily as
nitrate-N in slightly alkaline soils (pH 7-7-8-2) even
when added at the rate of 1000 p.p.m. practically
no denitrification occurred when nitrite-N was
added at this level to a moderately acid soil (pH 5-8).
They further showed that denitrification of nitrate
Agr. Sc.
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in this moderately acid soil was inhibited by the
presence of nitrite-N in amounts greater than
200 p.p.m. Other experiments not reported in
Table 8 showed that the rate of denitrification of
nitrite in slightly alkaline (nos. 1, 3 and 4) soils was
identical to that of nitrate.
Table 8. Loss of nitrogen on incubation of nitrate and
nitrite with waterlogged soils containing glucose
(5 g. samples of soil were incubated for 10 days at
25° C. with 11 ml. water containing glucose and NaNOa
orNaNO3.)
Soil
1 (pH 8-2)
2 (pH 7-8)
3 (pH 7-7)
4 (pH 7-9)
6 (pH 5-8)
N added
AN03-N
5
0
5
5
0
5
0
5
5
0
5
0
5
5
5
5
5
(mg.)
N08-N
0
5
1
0
5
0
5
1
0
5
0
5
5
3
1
0-5
0-1
Glucose-C
ftddoci
(mg-)
15
15
15
15
15
15
15
15
15
15
25
25
25
25
25
25
25
N loss(as % of
N added)
87
88
87
90
91
86
88
85
84
85
69
2
3
2
1
72
71
lost with ammonium sulphate could be accounted
for as NH 3 volatilized during incubation.
Experiments in which 5 g. samples of soils 1 and 4
were incubated at 25° C. with 11 ml. of water con-
taining 5 mg. of N03-N (as KN03) and 15 mg. of
carbon (as glucose) in the presence and absence of
different amounts of NH4-N (as (NH4)aSO4) showed
that denitrification of nitrate in soil was not affected
by the presence of as much as 1000 p.p.m. of
ammonium-N.
DISCUSSION
The results presented in this paper show that the
rate of denitrification of nitrate in soil depends upon
various factors including pH (Fig. 2), temperature
(Tables 1 and 2; Fig. 3), degree of water-saturation
(Table 3 ; Figs. 4, 5) and the amount and type of
organic matter present in the soil (Table 6; Figs. 7-
10). Nitrate is rapidly denitrified in neutral or
slightly alkaline soil if the soil is saturated with
water and incubated with glucose at 25° C. (Fig. 1),
but little denitrification occurs in very acid soil
(pH < 4-8), in soil at low temperature, or in soil con-
taining only a small amount of readily decomposable
organic matter. It is difficult to judge the relative
importance of the various factors affecting denitrifi-
cation in soil, but it seems likely that in most agri-
cultural soils denitrification is controlled largely by
Table 9. Loss of nitrogen on incubation of waterlogged soils with different nitrogen
compounds in the presence and absence of glucose
(5 g. samples of soil were treated with 10 ml. water containing 5 mg. N as KN03, (NH4)2SO4, alanine, glycine or
urea and incubated with or without glucose (15 mg. C) at 25° C. for 10 days.)
Nitrogen compound added
Soil
1
4
6
KN03 (NH4)aSO4* Alanine Glycine Urea
N loss (as % of added N)
Glucose present
Glucose absent
Glucose present
Glucose absent
Glucose present
Glucose absent
* Figures in parentheses are percentages of added N lost as NH3
87
0
84
0
65
0
3 (2-6)
4 (3-1)
3 (2-7)
3 (2-6)
0
0
0
0
1
1
0
0
1
0
2
1
1
1
1
0
2
2
2
2
Ammonium- and organic-nitrogen compounds. The
results obtained by determining loss of nitrogen on
incubation of waterlogged soils with ammonium
sulphate, alanine, glycine and urea in the presence
and absence of glucose are given in Table 9. Loss of
nitrogen as NH3 in the experiments with ammonium
sulphate was determined by the technique described
in the previous paper (Bremner & Shaw, 1958). It
can be seen that only slight loss of nitrogen occurred
on incubation of soil with ammonium- and organic-
nitrogen compounds and that most of the nitrogen
the degree of water saturation of the soil. Taken
together, the findings concerning the effects of
moisture content, temperature and organic materials
indicate that denitrification is most likely to occur
during periods of heavy rainfall in the autumn when
the soil is at a fairly high temperature and contains
appreciable amounts of nitrate and organic residues.
The results obtained in the experiments on the
effects of water-level (Table 3; Figs. 4, 5), aeration
(Table 5) and atmosphere (Table 4) all support the
view that denitrification only occurs when condi-
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tions are such that the denitrifying organisms cannot
obtain sufficient oxygen to meet their requirements.
This view is not generally accepted since various
workers (e.g. Meiklejohn, 1940; Corbet & Wool-
dridge, 1940; Broadbent, 1951; Broadbent &
Stojanovic, 1952; Marshall, Dishburger, Mac Vicar
& Hallmark, 1953) have reported the occurrence of
denitrification under conditions commonly regarded
as aerobic. However, the work of Skerman, Lack &
MUlis (1951), Collins (1955) and Skerman & Mac-
Rae (1957) indicates that the methods of aeration
employed by most of these workers were inadequate
to maintain aerobic conditions. Attention may be
drawn to the fact that whereas Broadbent (1951)
found that an unamended silty loam incubated in
an aeration stream containing 21 % oxygen lost
nearly one-fifth of its total nitrogen in 7 days, no
loss of nitrogen by denitrification was detected in
the present work when soil was aerated continuously
at different moisture levels for 7 days even when
nitrate and glucose were added (Table 5). It is
difficult to account for Broadbent's results since the
nitrogen lost (250p.p.m.) greatly exceeded the
nitrate-N initially present (64 p.p.m.) and it seems
hardly likely that as much as almost one-sixth of the
soil organic nitrogen was nitrified and subsequently
denitrified in 7 days. The possibility that nitrogen
was lost through volatilization of ammonia derived
by ammonification of organic nitrogen compounds
(or by reduction of nitrate) was not tested by
Broadbent and it does not appear to have been
considered by other workers who have reported the
occurrence of denitrification in aerated systems
(e.g. Meiklejohn, 1940; Marshall et al. 1953).
While the present work was in progress Nommik
(1956) reported the results of an investigation in
which the denitrification of labelled nitrate in soil
was studied by mass spectrometer analysis of the
gases evolved. Comparison of his results with those
reported here will show that where the two investi-
gations overlap the findings are very similar. Since
Nommik appears to have overcome the difficulties
involved in the quantitative determination of the
gaseous nitrogen compounds liberated during de-
nitrification it should now be possible to obtain a
complete nitrogen balance sheet in studies on de-
nitrification of nitrate in soil by using labelled
nitrate and determining loss of nitrogen from the
soil by the method of total-N analysis adopted in
the present work and the production of gaseous
nitrogen compounds using the technique developed
by Nommik.
SUMMARY
1. The factors affecting denitrification in soil
have been studied by determining loss of nitrogen
from soil under various conditions by total-N
analysis.
2. It was found that the rate of denitrification of
nitrate in soil was dependent upon various factors
such as the pH, temperature and water content of
the soil and that, under conditions conducive to
denitrification, 80-86% of nitrate-N added to
Rothamsted soils was lost by denitrification in
5 days.
3. The rate of denitrification was greatly affected
by the pH of the soil. It was very slow at low pH
(below 4-8), increased with rise in soil pH and was
very rapid at pH 8-0-8-6.
4. The rate of denitrification increased rapidly
with rise in temperature from 2° to 25° C. The
optimum temperature for denitrification was about
60° C.
5. The degree of water saturation of the soil had
a profound influence on the rate of denitrification.
Below a certain moisture level practically no deni-
trification occurred; above this level denitrification
increased rapidly with increase in moisture content.
The critical moisture level was about 60 % of the
water-holding capacity of the soil.
6. No loss of nitrogen by denitrification could be
detected when moist soils were incubated with or
without nitrate and glucose and were aerated con-
tinuously during incubation.
7. It is shown that the rate of denitrification in
soil depends upon the amount and type of organic
material present.
8. The results obtained support the view that
denitrification occurs only when the supply of
oxygen required by the soil micro-organisms is
restricted.
4-2
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